Introduction
Iowa crop producers purchase and apply 7.6% of all the nitrogen (N) fertilizer used in the United States to support production of com, small grains, and pasture on nearly twenty million acres annually (Hargett and Berry, 1990) . The annual cost of the nitrogen fertilizer (1.5 million tons in 1990) exceeds $300 million.
Our ability to manage nitrogen for crop production in Iowa depends to a large extent on local weather conditions that may be entering a period of extreme fluctuations (Carlson, 1990) making it difficult to estimate accurately the amount of soil N that will be available for crop production in any field and year. Available nitrogen concentration in soils is very dynamic due to the rate at which cycling occurs during warm, moist, aerated conditions. Because nitrate (N0 3 • ) is not attracted to negatively charged soil and organic matter particles it is free to move in soil by both diffusion and mass flow. Large quantities of N0 3 -N can leach below the root zone rapidly in response to rainfall. Thus, the amount of crop available N in soil depends on the rate of cycling, the amount of N fertilizer applied, and rainfall after fertilizer application.
Management practices that maximize the extraction efficiency of N fertilizer by com should reduce the amount of N that is available to move to groundwater by leaching. Uptake of N fertilizer is affected by the amount applied, the time of application, method of application, and fertilizer material applied.
Timing of N fertilizer applications is an important factor affecting N extraction efficiency because the time between application and crop uptake determines the length of exposure of fertilizer N to losses from the root zone (Bundy, 1986) . Timing N applications to reduce the probability of losses due to leaching and/or denitrification is of interest for both agronomic and environmental reasons (Keeney, 1982) .
Field experiments have been conducted comparing crop yields and N recovery with fall applied and spring applied N (Maddux, et al., 1984; Malzer and Graff, 1982) . The results have been contradictory at best. The difference in results is probably due to differences in soil properties and climatic conditions among experiments and to climatic differences among years within experiments. Also, few of these studies were conducted for more than two to three years so conditions favoring N losses may not have occurred.
Use of delayed or sidedressed N fertilizer applications instead of preplanting applications can also improve the efficiency of fertilizer N (Bundy, 1986) . Most research comparisons of preplanting and sidedressed N applications have been conducted on sandy soils where preplanting N can be lost through leaching or on poorly-drained soils with high potential for N losses due to denitrification. Studies in both Minnesota (Malzer and Graff, 1982; and Wisconsin (Kelling et al., 1984) on sandy soils obtained higher com yields with sidedressed N applications than with preplanting applications. Studies on medium-and fme-textured soils (Nelson and MacGregor, 1973; Maddux et al., 1984; Russelle, et al., 1981; Stevenson and Baldwin, 1969) have not shown yield increases due to sidedressed N applications. Comparisons of preplanting and sidedressed N applications on heavy-textured soils suggest that sidedressed N applications are not likely to increase com yields relative to preplanting in most years. However, Welch, et al. (1971) showed that sidedressed N applications can reduce N losses and improve crop yields if climatic conditions favoring N loss occur. Similar responses have been observed in Iowa (Killom and Zourarakis, 1992) . The responses are considered site-specific and, as a result, difficult to predict.
The objective of the project reported here was to study the effect of N rate and time of application on com grain yields and N uptake in the grain on fme-textured soils.
Materials and Methods
Sixty-five experiments were conducted between 1987 and 1991. Most of the sites were on farmers' fields, but some were located on Iowa State University Outlying Research Farms. The sites were located statewide to include all major soil series. At 48 of the sites the previous crop was soybeans. The previous crop at the other seventeen sites was com. Other than the N fertilizer, the management at sites was that of the cooperator.
The standard experiment consisted of a factorial combination of rates of N fertilizer ranging from 0 to 180 lb N/a, and two times of application, preplanting and sidedressed. The exact rates used are listed in (Table 1) because they were not the same in all years. One treatment at each site was a simulation of the cooperator's N rate. The treatments were arranged in a randomized complete block design with four replications at all sites. The size of individual plots varied depending on the distance between com rows at each site. All plots were 40 ft. long and contained six rows of com.
Before applying the N treatments, a sample was collected from the 0-6" layer of soil. This sample, which was a composite of 15 cores, was analyzed for phosphorus (P), potassium (K), pH, and organic matter by the Iowa State University Soil Testing Laboratory using standard procedures. The soil was also sampled to a depth of three feet in one-foot increments. This sample was a composite of six cores for each depth and was analyzed for nitrate-N (N0 3 -N) and ammonium-N (NH 4 -N) using standard procedures.
Preplant N fertilizer was applied between mid-April and mid-May in all years. Sidedressed N fertilizer was applied when most of the plants at the site had reached the V6 growth stage (six leaf collars visible on the stalk). This usually occurred in early June. The fertilizer material used was liquid urea-ammonium nitrate (28-0-0) if the material could be incorporated. If incorporation was not possible, dry, prilled ammonium nitrate (34-0-0) was hand applied to the plots because it is not a volatile source of N.
Yields were determined by hand-harvesting ears from twenty feet of the center two rows of each plot. Grain was shelled from the ears at the site and the total weight of the harvested material was recorded. A subsample of the grain from each plot was retained to determine moisture content. After drying, this subsample was ground and the total N content of the grain was determined using standard methods. All yields are reported at 15.5% moisture content.
The data from each site were analyzed using routines of the Statistical Analysis System (SAS Institute, 1985) . If the analysis of variance (ANOVA) showed there was a significant response to N fertilizer, two regression models were used to defme the relationship between yield and N fertilizer, a linear response plus plateau (LRP) and a quadratic (second order polynomial). The optimum N rate based on the LRP is the N rate required to reach the plateau yield if the slope of the linear portion of the model exceeds the price ratio of N fertilizer cost:com cost. The optimum N rate for the quadratic model is calculated by setting the frrst derivative of the model equal to the ratio of the cost of N and the cost of com (N cost/com cost) and solving for X. If the ANOV A showed that a significant response did not occur, the optimum N rate was assumed to be 0.
Results

Time of N Application
One way to increase the recovery efficiency of N fertilizer is to reduce the amount of time the N is in the soil before it is taken up by plants. This is commonly accomplished in nonirrigated com production by applying theN during the growing season when the plants have reached the V6 growth stage. However, an increase in yield and/or N fertilizer recovery efficiency should be observed only when weather conditions favor losses of N from the soil. Nitrate losses from the soil are favored by large amounts of precipitation that can result in leaching or denitrification depending on the amount of soil moisture, rate of infiltration into the soil, and subsequent percolation rate through the soil.
The effect of time of N fertilizer applications on grain yield, percentage N in the grain, and N uptake in the grain (%N x dry matter yield) is reported in Table 2 . Significant grain yield responses to the time of N fertilizer application occurred at ten sites. Preplant applications of N fertilizer resulted in higher yields than sidedressed applications at eight of the ten sites. Sidedressed applications of N resulted in higher yields than preplant applications at two sites. Yield differences (averaged over N rates) ranged from 4 to 33 bushels per acre and averaged 10.3 bushels per acre (median = 6.5 bushels). Over five years the yield of preplant applied treatments averaged 138 bushels per acre and sidedressed treatments yielded an average of 137 bushels per acre (data not shown).
There were nine sites where time of N fertilizer application affected the percentage of N in the com grain (Table 2 ). Sidedressed N resulted in higher concentrations of N in the grain at six of the sites. Preplant applied N resulted in higher grain N concentrations at 3 of the sites. The differences ranged from 0.07% to 0.17% and averaged 0.07% (median= 0.06%) (data not shown). Averaged over all sites, percentage N in the grain was 1.39% for both times of application.
Nitrogen uptake in the grain was significantly affected by time of N fertilizer application at 13 of the 65 sites. Preplant applied N applications resulted in greater N uptake at eight sites and sidedressed N applications resulted in greater N uptake at 5 sites. The differences ranged from three to twenty-three pounds of N per acre and averaged 8.5 pounds per acre (median= 7 pounds N per acre) (data not shown). Averaged over all sites, N uptake associated with both preplant-applied and sidedressed N was 93 pounds per acre.
Responses to time of N application might be expected to be correlated with soil types because N losses due to leaching are most likely to occur on coarse textured soils. N losses due to denitrification are most likely to occur on poorly drained soils. However, there was no obvious pattern associated with location in the state. The two sites where sidedressed N resulted in the highest yields were in Humbolt and Lucas Counties on soils that are poorly drained. However, preplant applications resulted in the highest yields in Jasper and Hamilton Counties on poorly drained soils.
There have been reports that com hybrids may respond differently to N fertilizer (Tsai, et al., 1984) . The hybrids at the sites that responded to time of N application were Land O'Lakes 845, Wyffies 48, Pioneer 3475 (at three sites), Dekalb 636, Pioneer 3377, Pioneer 3732, Jacques 5700, and Northrup King x628. Pioneer 3475 is represented 3 times at the responding sites. However, it was also the most often used hybrid in the experiment. It is not possible to conclude that any hybrid was more likely to respond to sidedressed N based on these data.
Five of the demonstrations where preplant applications of N resulted in higher yields than sidedressed occurred in 1987 and 1988. Rainfall was below normal in June in both years (Table  3) . It is probable that the sidedress N fertilizer was not accessible by the crop because it was in dry soil. By the time rainfall wet the soil and moved the N deeper in the soil the yield had been irreversibly reduced.
The other three demonstrations where preplant application of N fertilizer yielded more than sidedressed N occurred in 1990. June in 1990 was much wetter (3.54 inches) than normal. The rainfall reported in Table 3 is the state average and it is possible that the individual sites received less rainfall. It is also of note that the site that had the greatest difference in yield due to time of N fertilizer application, sidedress treatments yielded 33 bushels per acre more than preplant treatments, occurred in 1987.
These data suggest that there is little reason to recommend switching to sidedressed N applications to increase N fertilizer efficiency in Iowa. The most frequent result, 15 of the 25 sites where a response toN was observed, was that preplant applied Nand sidedressed N resulted in equivalent yields. Preplant applied N resulted in higher yields than sidedressed N 8 out of 10 times when a response to time of application was observed. The lack of obvious trends due to soil type, hybrid, or state average rainfall leads to the conclusion that corn responses to time of N fertilizer application (preplant versus sidedressed) on fme-textured soils are probably associated with randomly occurring thunderstorms and are therefore unpredictable.
NRate
The amount of N fertilizer applied on a per acre basis for com production is important from both an economic and environmental standpoint. The goal of producers is to apply the amount of N that will maximize the profit for an individual field. If the producer doesn't apply enough N, yield and profit are reduced. If more than enough N is applied, profits are reduced and the potential for environmental contamination increases. The problem agriculture faces is predicting the most profitable amount of N fertilizer to apply without knowing what the weather conditions will be. Because fertilizer recommendations are based on "normal" weather, there will be times when yields are reduced by inclement conditions and more N is applied than will be used by the crop.
The most startling result of these studies is the number of sites, 40 out of 65, that did not respond toN (Table 2) . Most of these occurred in 1988 and were due to the drought. However, excluding 1988, there were as many nonresponsive (23) and responsive sites (22). Table 4 shows the optimum N rate estimated using two different models, the N rate used by the cooperator, and the difference between the two. The data in Table 4 are averages from demonstrations in cooperators' fields. Data from ISU Outlying Research Farms aren't included.
The cooperators applied more than the optimum rate of N in the dry years of 1987 and 1988. The amount of the over-application depends on which model is used to estimate the optimum rate. Current N fertilizer recommendations are based on the Quadratic Model that results in the lowest average estimate of over-application, 90 lb N/a in 1987 and 126 lb N/a in 1988. It is commonly accepted that the Quadratic Model overestimates optimum so there is interest in using the LRP Model. Over-applications using the LRP Model were 104lb N/a in 1987 and 128 lb N/a in 1988.
The greatest source of error was in applying N to fields that did not respond to additions of N fertilizer-so the optimum N rate was 0. This was especially true in 1988 when yields were limited by a severe drought. Average over-applications at responsive sites were 50 lb N/a for the LRP Model and 20 lb N/a for the Quadratic Model in 1987 and 30 lb N/a for the LRP Model and 16 lb N/a for the Quadratic Model in 1988 (data not shown).
There was a response toN at only one site in 1989. Optimum N rate at this site was similar for both Models, 116 lb N/a for the LRP and 102lb N/a for the Quadratic (data not shown). The cooperator's rate was 110 lb N/a. The rest of the 1989 sites did not respond to additions of N fertilizer because there were large amounts of residual N in the soil. The drought in 1988 dramatically reduced yields and much of the N fertilizer applied was not used. There was not enough rainfall to cause losses of N from the soil and many fields did not require N fertilizer to attain maximum yield in 1989.
1990 was a wet year (Table 3) and yields were normal. The optimum N rate averaged over sites was 98 lb N/a using the LRP model and 100 lb N/a using the Quadratic model. The average cooperator's rate was 145 lb N/a. There were two sites that did not respond toN. Four sites responded toN in 1991, and five sites did not. Rainfall was above normal in April and May and below normal from June through September. The lack of a response to N at several sites was due to local dry conditions. These data suggest that the most important aspect of N fertilizer management is to apply the correct rate. In drought years like 1988 average application rates will exceed the optimum because weather will limit production. However, even in years when rainfall is above normal there will be fields that need little or noN fertilizer. These data underscore the importance of developing a soil test that can be used to differentiate between fields that will and will not respond to additions of N fertilizer. (90) 90 (120) 120 (150) 150 ( Sidedressed N was applied when the plants were in the V4 to V6 growth stage -usually in early June .
*For corn following soybeans **For corn following corn 
